Rab7a, a small GTPase of the Rab family, is localized to late endosomes and controls late endocytic trafficking. The discovery of several Rab7a interacting proteins revealed that Rab7a function is closely connected to cytoskeletal elements. Indeed, Rab7a recruits on vesicles RILP and FYCO that are responsible for the movement of Rab7a-positive vesicles and/or organelles on microtubule tracks, but also directly interacts with Rac1, a fundamental regulator of actin cytoskeleton, and with peripherin and vimentin, two intermediate filament proteins. Considering all these interactions and, in particular, the fact that Rac1 and vimentin are key factors for cellular motility, we investigated a possible role of Rab7a in cell migration. We show here that Rab7a is needed for cell migration as Rab7a depletion causes slower migration of NCI H1299 cells affecting cell velocity and directness.
Introduction
Rab7a is a small GTPase of the Rab family, ubiquitously expressed, localized mainly to late endosomes and regulating transport to endocytic degradative compartments [1, 2] . Rab7 has been called Rab7a to distinguish it from Rab7b, a Rab protein that only partially colocalizes with Rab7a and controls transport from late endosomes to the TGN [3, 4] . Rab7a is required for lysosome, phagolysosome and autolysosome biogenesis and it has been shown to be important also for channel trafficking, growth factor-independent survival and apoptosis [5] [6] [7] [8] [9] [10] [11] [12] .
A number of Rab7a effectors have being identified and characterized [13] . Among them, RILP (Rab interacting lysosomal protein) regulates microtubule minus-end directed transport with the help of ORP1L (OSBP (oxysterol-binding protein) related protein) by recruiting the dynein/dynactin complex, while FYCO1 (FYVE and coiled-coil domain containing 1) controls plus-end directed transport [14] [15] [16] . Thus Rab7a, through the interaction with different effectors, is able to recruit microtubule motors on vesicles determining vesicle movement along microtubule tracks.
Recently, we discovered that Rab7a interacts also with two members of the intermediate filament proteins, vimentin and peripherin [17, 18] . We demonstrated that the interaction is direct and that Rab7a regulates vimentin and peripherin filament assembly [17, 18] . Overexpression of Rab7a wt or expression of the constitutively active Rab7a Q67L mutant protein increased vimentin phosphorylation and caused redistribution of vimentin in the soluble fraction, while, coherently, Rab7a-depletion determined a decreased phosphorylation of vimentin and increased the amount of filamentous vimentin [17, 18] .
A functional direct interaction between Rab7a and Rac1, a small GTPase regulating actin cytoskeleton, has also been described [19] . The Rab7a-Rac1 interaction mediates late endosomal transport between microtubules and microfilaments in order to regulate ruffled border formation in osteoclasts but also E-cadherin turnover and stability of cell-cell contacts [19, 20] . Coordination between Rab7a and Rac1 seems also crucial in order to integrate autophagy with intracellular trafficking and signaling [19] [20] [21] .
Altogether these interactions indicate a strong link between Rab7a and cytoskeletal elements suggesting that integration between cytoskeleton and late endocytic trafficking is important and is mediated by Rab7a. Moreover, both Rac1 and vimentin, two Rab7a interacting proteins, are key regulators of cell motility [22, 23] . Furthermore, recent evidence suggests that Rab7a could be involved in cell migration. In fact, it has been demonstrated that the Rab7a-dependent lysosomal degradation affects the final phase of migration of immature neurons during the development of cerebral cortex in vivo [24, 25] . However, how and to which extent Rab7 is involved in the regulation of cell migration it is not known.
Therefore, in this study, we investigated the role of Rab7a in cell migration. We established that Rab7a depletion strongly alters cell motility affecting cell velocity and cell directness. In particular, we demonstrated that Rab7a interferes with cell adhesion, by altering β1-integrin activation, distribution and trafficking and decreasing Rac1 activation. In addition, Rab7a depletion affects filopodia formation, by mislocalizing myosin X, and alters vimentin organization during cell migration. In conclusion, Rab7a works as regulator of migration acting on the fundamental players of this process.
Materials and methods

Cells and reagents
NCI H1299 cells (ATCC CRL-5803; human lung carcinoma) were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and 10 mg/ml streptomycin in an incubator at 37°C, under 5% CO 2 . Cells were confirmed to be contamination-free.
Chemicals were from Sigma-Aldrich (St Louis, MO, USA) and tissue culture reagents were from Sigma-Aldrich, Gibco (Waltham, MA, USA), Lonza (Basel, Switzerland) and Biological Industries (Beit-Haemek, Israel).
Constructs and antibodies
pEGFP-C1, pEGFP-Rab7a T22N, pEGFP-Rab7a, pCDNA3_2XHA-Rab7a wt, pCDNA3_2XHA-Rab7a T22N, pCDNA3_2XHA-Rab7a Q67L and mCherry-Rab7a have been described previously [4, 10, 26] . pHcEGFP-β1-integrin [27] , pEGFP-Myosin X [28] , and pEGFP-Rac1 [29] were a kind gift from Martin J. Humphries, Richard E. Cheney, and Giorgio Scita, respectively. mAppleIntegrin-Beta1-N-18 was a gift from Michael Davidson (Addgene plasmid # 54914).
Primary antibodies used in this study were rabbit polyclonal anti-HA (1:500, ab9110) and rabbit polyclonal anti-giantin (1:1000, ab24586) from Abcam (Cambridge, UK); mouse monoclonal antiRac1 (1:500, ARC03) from Cytoskeleton (Denver, CO, USA); mouse monoclonal anti-β1-integrin (1:100, sc18887), mouse monoclonal anti-active β1-integrin (1:50 for immunofluorescence analyses or 1:3000 for immunoblot analyses, sc59827), goat polyclonal anti-EEA1 (1:50 for immunofluorescence analyses or 1:100 for immunoblot analyses, sc6415), rabbit polyclonal antiRab4 (1:200, sc312), rabbit polyclonal anti-Rab5 (1:200, sc309), goat polyclonal anti-Rab11
(1:200, sc6565), mouse monoclonal anti-rab7a (1:500, sc376362) and mouse monoclonal anti-vimentin (1:100, sc6260) from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rat monoclonal anti-inactive β1-integrin (1:1000, 552828) from BD Biosciences (East Rutherford, NJ, USA); rabbit polyclonal anti-myosin X (1:100, 22430002) from Novus biologicals; mouse monoclonal antiRab7b (1:300, H00338382-M01) from Abnova (Taipei City, Taiwan); mouse monoclonal antitubulin (1:10000, T5168) was from Sigma-Aldrich. Secondary antibodies conjugated to fluorochromes (1:200 for immunofluorescence analyses) or horseradish peroxidase (HRP, 1:5000 for immunoblot analyses) were from Invitrogen (Carlsbad, CA, USA) or Santa Cruz Biotechnology.
Transfection and RNA interference
Transfection was performed using Metafectene Pro from Biontex (Martinsried, Germany) or 
Wound-healing assay
Confluent monolayers of NCI H1299 cells were scratched by a pipette tip. Cells were imaged for a period of 9 hours with a 20X objective on an Olympus Fluoview 1000 IX-81 inverted confocal laser scanning microscope. During the observation cells were maintened in DMEM without phenol red at 37°C under 5% CO 2 . Images were acquired every 30 minutes. Cell nuclei were tracked by using the Manual Tracking plugin of ImageJ software (National Institutes of Health) and cell velocity and directness were calculated by using the Chemotaxis and Migration Tool software (Ibidi).
Cell adhesion assay
Control and transfected cells were seeded onto fibronectin-coated coverslips (BD Biosciences), fixed 30 minutes later with 3% paraformaldehyde, permeabilized with 0.25% saponin in PBS and stained with Rhodamine-conjugated phalloidin, Hoeschst 33258 and anti-HA antibody. Coverslips were then mounted and examined using an Olympus FluoView FV1000 microscope. Cell areas were determined by using ImageJ software (National Institutes of Health).
Golgi reorientation measurements
Wound-healing assays were performed by scratching confluent monolayers of cells seeded on round coverslips. After 3 hours of incubation at 37°C under 5% CO 2 cells were fixed as previously described [30] and stained with Rhodamine-conjugated phalloidin, anti-giantin antibody and Hoeschst 33258. Cells were viewed with a 63X PlanApo NA 1.42 objective on an Olympus FluoView FV1000 microscope with the FV1000 software. Cells with the Golgi in the 1/3 of the cell facing the wound were considered to be polarized.
Vimentin reorientation measurements
NCI H1299 cells were grown on coverslips. Scratches at different time points were performed in each sample. After three hours from the first scratch cells were permeabilized and fixed as described previously [30] . Cells were incubated with primary antibodies for 20 minutes at room temperature. After washing with 0.25% saponin, cells were then incubated with secondary antibodies for 20 minutes in the dark at room temperature. Coverslips were mounted in mowiol.
Cells were viewed with a 63X PlanApo NA 1.42 objective on an Olympus FluoView FV1000 microscope with the FV1000 software. Vimentin filaments in the area between the nucleus and the leading edge of migrating cells were considered to be oriented. The percentage of cells which showed oriented vimentin filaments at the final and the initial time points was plotted in the graph.
TIRF microscopy
For total internal reflection fluorescence microscopy NCI H1299 cells were grown on MatTek glass-bottomed dishes (Ashland, USA), fixed with 3% paraformaldehyde and permeabilized with 0.2% Triton-X-100 in PBS for 15 minutes as previously described [31] . Cells were then incubated with antibodies and Rhodamine-conjugated phalloidin for 20 minutes at room temperature. After washing, cells were then incubated with secondary antibodies for 20 minutes in the dark at room temperature. Cells were observed with a Leica DMI600B system with a 63x objective (NA 1.47).
The TIRF evanescent field depth was set to 110nm for all the excitation wavelengths.
EEA1 and active β1-integrin colocalization assay
NCI H1299 were transfected with scrambled and Rab7a siRNA. The cells were then fixed and permeabilized as described previously [32] . 
Rac1 activity assay
Rac1 activity was tested following the manifacturer's protocol for Rac1 Pull-down Activation Assay Biochem Kit (BK035, Cytoskeleton). Briefly, GTP-bound Rac1 was immunoprecipitated from cell lysates with GST-Pak-PBD using glutathione affinity beads. After washing, the beads were subjected to western blot analysis using anti-Rac1 antibody to detect GTP-bound Rac1. Total amount of Rac1 was detected by immunoblotting of the whole cell lysates.
Cell proliferation and viability assays
NCI H1299 cells were treated with either control or Rab7a siRNA, plated out at equal confluence and grown for 24 hours. Cells were then collected and stained with trypan blue dye at different time points over a 9 hour time period. 
Results
Depletion of Rab7a delays wound closure
In order to investigate if and how Rab7a could affect cell migration we performed a wound- We then evaluated a possible role of Rab7a on cell polarization, an event happening during migration, by measuring the orientation of the Golgi apparatus into the direction of the wound during migration. In the majority of Rab7a-depleted cells the Golgi apparatus was correctly oriented similarly to control cells, thus depletion of Rab7a did not interfere with Golgi orientation ( Supplementary Fig. S3 ).
These data demonstrate that Rab7a is required for proper cell motility but not for Golgi orientation.
Loss of Rab7a reduces cell spreading
Having observed that Rab7a affects cell motility, we further investigated its role in this process. We first analysed whether Rab7a is important for cell spreading, a key step for cell migration. In particular, we evaluated the ability of control and Rab7a-depleted cells to spread out on fibronectin-coated coverslips in 30 min looking at the actin cytoskeleton stained by rhodaminephalloidin. Interestingly, as shown in Fig. 2 , Rab7a-depleted cells showed lower ability to spread compared to control cells. In particular, the average cell area of Rab7a-depleted cells was of 90 µm 2 , about 60% lower than the average cell area of control cells, which showed an average cell area of ~220 µm 2 (Fig. 2B ). To confirm that the inability of Rab7a-depleted cells to spread onto fibronectin-coated dishes was specifically due to Rab7a depletion, we also performed rescue experiments. Transient expression of HA-tagged Rab7a wt in Rab7a-depleted cells was sufficient to re-induce, although partially, cell spreading onto fibronectin while it did not change spreading of control cells (Fig. 2B) . Indeed, the average cell area was reduced of only 35% in cells silenced for Rab7 and expressing HA-tagged Rab7 wt resulting in a 50% rescue. Analysis of untransfected and transfected cells within the same sample confirmed the results. Furthermore, 50% recovery of spreading was detected also in Rab7a-silenced cells expressing HA-tagged Rab7a Q67L mutant (Fig. 2C) , confirming the role of Rab7a in spreading (Fig. 2) . In contrast, as expected, expression of the dominant negative Rab7a T22N mutant in Rab7a-depleted cells was not able to recover spreading onto fibronectin (Fig. 2C ).
These data demonstrate that Rab7a is important for cell spreading to fibronectin.
Rab7a alters filopodia formation and β1-integrin localization and activation
Integrins are heterodimeric receptors with a main role in cell adhesion and spreading [36] .
In order to exert this function, integrin localization at protrusions at the leading edge is essential [37] [38] [39] . As we have demonstrated that Rab7a depletion impairs cell spreading to fibronectin, we next investigated whether there is a link between Rab7a and integrin. In live cells co-transfected with GFP-β1-integrin and mCherry-Rab7a we could observe Rab7a vesicles positive for β1-integrin, suggesting that intracellular transport of β1-integrin is mediated by Rab7a ( Fig. 3A; Supplementary Movie S3).
β1-integrin localizes both intracellularly and at the plasma membrane [31] . However, its activity and function are dependent on the conformation of the receptor and the localization of active and inactive β1-integrin is different [31] . In fact, inactive β1-integrin is mainly localized at cell surface, where it is activated [31] . Active β1-integrin binds ligands of the extracellular matrix, it is subsequently internalized, inactivated and recycled contributing to cell migration [31, 40] . As a consequence, most of active β1-integrin is usually intracellular [31, 40] .
Therefore, we investigated the localization of the active and the inactive forms of β1-integrin in control and Rab7a-depleted cells during migration using specific antibodies able to recognize and discriminate the active and inactive forms of β1-integrin, by total internal reflection fluorescence (TIRF) microscopy. TIRF analysis is particularly suitable for studying the localization of molecules near the plasma membrane. Indeed, it allowed us to focus on β1-integrin localization at the plasma membrane in migrating cells. The ability of monoclonal anti-β1-integrin antibodies to detect conformation-dependent epitopes has been previously defined [31, 41] . In addition, we also stained cells with rhodamine-conjugated phalloidin in order to visualize filopodial protrusions, which are important during cell migration to explore the surrounding environment by making new transient cell-extracellular matrix adhesions and where integrins can localize. Surprisingly, TIRF analysis of cells stained for actin showed that Rab7a depletion strongly affected filopodia formation (Fig. 3B) . We observed 64% of control cells having filopodia, whereas only 37% of cells silenced for Rab7a had filopodia. Thus, Rab7a depletion caused a ~40% reduction of cells with filopodia at the leading edge compared to control cells (Fig. 3C ). Furthermore, we detected an increase of about 80% of the number of Rab7-depleted cells with the active form of β1-integrin at the level of the plasma membrane facing the wound, compared to control cells (Fig. 3D ). Higher integrin activation at the leading edge could prevent migration due to the inability to form new adhesions through integrin recycling. Phase contrast images of migrating control and Rab7a-depleted cells stained for actin confirmed that Rab7a silencing impairs filopodia formation ( Supplementary Fig. S4 ). We verified that the actin structures visible in control cells were filopodia by looking at the localization of myosin X, a motor protein typically localized at filopodial tips [42] , and at the ability to extend and retract of such structures ( Supplementary Fig. S5 ).
Given that only active β1-integrin associates with Rab7a-positive vesicles [31] and that we saw an altered distribution of this form of integrin, we further investigated if Rab7a affected β1-integrin activation using specific monoclonal antibodies against active β1-integrin in western blot experiments under non-reducing conditions. While the total amount of integrin was similar in control and Rab7a-depleted cells, Rab7a-depletion caused a statistically significant decrease of active β1-integrin (Fig. 3E-F) . In fact, the amount of active β1-integrin was 25% lower in cells silenced for Rab7a compared to control cells (Fig. 3F ).
Usually inactive β1-integrin is mostly localized at the plasma membrane while active β1-integrin seems to be more cytoplasmic [43] . Therefore, we evaluated the abundance of active β1-integrin in the cytoplasm of NCI H1299 cells transfected with control RNA or siRNA against Rab7a. We found that active β1-integrin was less abundant in the cytoplasm after Rab7a depletion but the staining was more vesicular (Fig. 4A-B) and colocalization with the early endosomal marker EEA1, whose abundance is unchanged after Rab7a depletion, increased (Fig. 4C-F) . In fact, there was a two times higher colocalization of active β1-integrin with EEA1 in Rab7a-depleted cells compared to control cells (Fig. 4D) . We confirmed this result by the expression of the dominant negative mutant of Rab7a, Rab7a T22N, which also increased the colocalization between EEA1 and active β1-integrin of about twice (Supplementary Fig. S6 ).
All together these data show that Rab7a is essential for filopodia formation, proper β1-integrin localization, trafficking and activation, and consequently cell spreading.
Rab7a alters myosin X localization to filopodia tips
As TIRF analysis showed that Rab7a depletion inhibits filopodia formation, we next investigated how Rab7a affects formation of protrusions.
Myosin X is an actin motor known to promote filopodia formation [44, 45] . In order to understand whether the decrease in the number of filopodia observed after Rab7a depletion is related to myosin X function, we performed live imaging experiments in NCI H1299 cells transfected with mCherry-Rab7a and GFP-myosin X. GFP-myosin X is mostly localized to filopodia tips. However, a small fraction of myosin X localizes to late endosomes/lysosomes and this fraction increases after Rab7a overexpression [46] . In agreement with that, we could detect myosin X also intracellularly on Rab7a positive endosomes (Fig. 5A) . Interestingly, these endosomes transported myosin X to the cell periphery, where Rab7a was released (Fig. 5A , Supplementary Movie S4).
This observation prompted us to investigate whether the decreased number of filopodia in Rab7a-depleted cells was a consequence of altered myosin X transport. We therefore looked at GFP-myosin X localization in cells silenced for Rab7a. Strikingly, while in about 80% of the control cells myosin X localized mostly at the filopodia tip, in 50% of the cells treated with siRNA against Rab7a, myosin X was predominantly intracellular (Fig. 5B-C) . We excluded that the increase of intracellular myosin X after Rab7a depletion was caused by an increase in the total amount of myosin X by western blot of either overexpressed ( Fig. 5D-E) or endogenous myosin X (Fig. 5F -G) which showed that Rab7a silencing did not affect myosin X abundance.
As β1-integrin is important for cell adhesion and spreading and it is transported to filopodia tips by myosin X [45] , two processes affected by Rab7a depletion, we next investigated the intracellular localization of GFP-myosin X relative to β1-integrin in cells knocked down for Rab7a.
Intriguingly, we found that the myosin accumulated intracellularly in endosome positive for β1-integrin (Fig. 5H, Supplementary Movie S5) .
These results indicate that Rab7a is important for proper filopodia formation possibly by regulating myosin X-dependent transport towards filopodia tips.
Loss of Rab7a influences Rac1 activation state
Our data show that Rab7a interferes with β1-integrin transport and activation. Interestingly, Rab7a interacts with Rac1, a regulator of actin cytoskeleton and cell migration, and Rac1 activation is regulated by integrin β1 [19, 47, 48] . Therefore, we investigated if, in our system, alterations of Rab7a expression affected Rac1 abundance or activation. We first analysed whether modulation of Rab7a expression levels affects Rac1 abundance but we couldn't detect any differences in Rac1 protein amount upon overexpression or silencing of Rab7a (Fig. 6A) . Then, using live microscopy we established that Rac1 and Rab7a co-localize on the same vesicles and move together in the cell ( In β1-integrin-null nerves and Schwann cells Rac1 activation is impaired [49, 50] and the abundance of Rac1-GTP in Schwann cells seems to be dependent on the binding of β1-integrin with an extracellular matrix protein [50] . Therefore, we evaluated whether Rab7a could affect Rac1 activation through the regulation of β1-integrin trafficking. In Rab7a-depleted cells the total amount of Rac1 was unchanged compared to control cells, but we detected lower levels of Rac1-GTP (Fig.   6D ). Indeed, the amount of active Rac1 decreased of about 65% upon Rab7a-depletion (Fig. 6E ).
These data demonstrate that Rab7a colocalizes with Rac1 on vesicles near the plasma membrane and in the perinuclear region and depletion of Rab7a strongly inhibits Rac1 activation.
All together our results indicate that Rab7a regulates cell migration through its roles in cell adhesion and filopodia formation by modulating integrins and Rac1 activity and transport.
Rab7a regulates vimentin filaments orientation during cell migration
Several reports indicate a close link between Rac1 and vimentin. In fact, vimentin regulates Rac1 activation while activation of Rac1 induces vimentin phosphorylation and disassembly [51] [52] [53] [54] . Furthermore, we have previously shown that Rab7a interacts with vimentin and that depletion of Rab7a determines a lower phosphorylated state of the head domain of vimentin and a higher abundance of vimentin in the insoluble, filamentous fraction [17] . As both Rab7a and Rac1 regulate vimentin assembly and since it has previously been shown that vimentin filaments are oriented towards the leading edge during migration [55] , we tested whether vimentin filament orientation was impaired in Rab7a-depleted cells in a wound healing assay. In control migrating cells there was about 50% of cells showing vimentin facing the wound, whereas after 3 hours about 85% of cells had vimentin oriented towards the leading edge. Therefore, there was an increment of about 60% of the number of cells with vimentin facing the wound compared to the cells before migration.
Interestingly, this value was much lower in Rab7a-depleted cells, where only 66% of migrating cells (after 3 hours) showed oriented vimentin compared to the 55% of Rab7a-depleted cells at the initial time point (0 hours). The increment of the number of cells with vimentin facing the wound was ~ 25% in cells silenced for Rab7a (Fig. 7A-B ).
In addition, not only vimentin but also about 80% of Rab7a-positive vesicles in migrating cells expressing GFP-Rab7a were localized between the nucleus and the leading edge, facing the wound (Fig. 7C ).
These data demonstrate that Rab7a is important for vimentin orientation during migration.
Discussion
It has been demonstrated that Rab7a directly interacts with important regulators of cell motility such as Rac1, a small GTPase controlling actin cytoskeleton and signal transduction, and vimentin, an intermediate filament protein [17, 19] . Furthermore other data indicate that, during development of cerebral cortex, lysosomal degradation is controlled by Rab7a influencing the final phase of migration of immature neurons [24, 25] . In particular, the distances from the nuclei to the pial edge of the cortical plate were increased when Rab7a was lacking or Rab7a T22N was expressed [24, 25] . Based on this, we investigated further whether Rab7a indeed could regulate cell migration. Our findings revealed that Rab7a is fundamental for cell movement as Rab7a-depleted cells migrated slower, and migration parameters, such as accumulated distance, euclidean distance, cell velocity and directness, were altered (Supplementary Movie S1; Fig. 1A-E) . Furthermore, our data indicate that Rab7a is essential for cell migration as Rab7a is required for trafficking and activity of key regulatory molecules of different steps of cell migration.
First of all we showed that Rab7a is required for cell spreading as its depletion affected spreading on fibronectin (Fig. 2) . This finding is not surprising considering that Rab proteins are responsible for trafficking of molecules and receptors important for cell adhesion and spreading and, indeed, a number of other Rabs are involved in these functions. For instance, overexpression of Rab2 caused increased adhesion of neurons that, in turn, increased strongly neurite outgrowth, while Rab11-regulated recycling of E-cadherin impacts on cadherin based adhesion [56, 57] . Also Rab7b, regulating actin remodeling, and Rab10, controlling endocytosis of a hyaluronan synthase, influence strongly cell adhesion and spreading on different extracellular matrix [58, 59] . Thus Rab7a, regulating trafficking of adhesion molecules and receptors, similarly to other Rabs, influences cell spreading. However, the mechanism by which Rab7a regulates adhesion molecules should be different as Rab7a is involved in transport to degradative compartments such as late endosomes and lysosomes. Therefore, in order to understand the molecular mechanism underlying this regulation, we looked at key players in spreading and filopodia formation.
The production of filopodia at the leading edge to explore the surrounding area is a fundamental step in migrating cells. Formation of filopodia is mediated by active Rac1 that controls actin cytoskeleton rearrangements and integrins, cell surface receptors involved in adhesion, spreading and migration, are transported to filopodia tips by myosin X, an unconventional myosin [45, 60] . Interestingly, we established that Rab7a depletion strongly reduces formation of filopodia (Fig. 3C) , affecting myosin X localization (Fig. 5B-C) . Our findings corroborate and are consistent with previous data demonstrating that filopodia's number and length are directly regulated by myosin X [46] . Indeed, it was suggested that myosin X could be transported to the cell membrane via Rab7a-positive vesicles, where the machinery responsible for filopodia formation might be assembled, and that these vesicles could be responsible for targeting myosin X to the correct sites of filopodia during their formation [46] . In fact, we observed colocalization of myosin X on Rab7a-positive vesicles that loose their Rab7a coat once approaching cell periphery and established that, in Rab7a-depleted cells, myosin X is not anymore localized to the filopodia tips ( Fig. 5A-C) , demonstrating a key role of Rab7a in myosin X trafficking and targeting to filopodia and, thus, in the formation of filopodia.
Filopodia used to probe the environment in migrating cells are usually rich of integrins.
Integrins are fundamental molecules in cell migration and we demonstrated that Rab7a depletion affects β1-integrin activation and trafficking. In fact, our data confirmed that Rab7a colocalizes with β1-integrin (Fig. 3A) , as previously shown [31] , and indicated that Rab7a depletion decreases the total amount of active β1-integrin ( Fig. 3E-F) , causes loss of β1-integrin rich filopodia (Fig. 3B-C ) and induces localization of active β1-integrin at the leading edge of migrating cells (Fig. 3D) .
Activation of integrins is regulated by a conformational switch and this is an important mechanism in order to control spatially and temporally ligand affinity states of integrins, hence regulating their function [61] . Indeed, inactive integrins exist in a bent form having low affinity for ligands while active integrins exist in an extended form displaying intermediate and high affinity for ligands [61] . Important sites of activation are represented by protrusions at the leading edge, filopodia and lamellipodia, where inactive integrins are targeted before being activated in order to contribute to adhesion, spreading and thus to cell motility [37] [38] [39] . Rab7a depletion does not alter the total amount of β1-integrin but decreases the amount of active β1-integrin (Fig. 3E-F) , possibly because formation of filopodia is inhibited by blockage of delivery of myosin X (Fig. 5A-C) and, therefore, integrins cannot reach filopodia, an important site of activation, and this could result in a general decrease of β1-integrin activation. In line with this, we observed an intracellular accumulation of myosin X in vesicle positive for β1-integrin in cells depleted for Rab7a (Fig. 5B-H ).
Our data show that Rab7a is essential for proper β1-integrin trafficking and, as a consequence, active Rab7a is needed for formation of integrin-rich filopodia. Previously, it has been demonstrated that β1-integrin trafficking and functions in migration was dependent on the activity of several other Rabs such as Rab1, Rab4, Rab5, Rab11, Rab21 and Rab25 [62] [63] [64] [65] [66] [67] . Rab1
regulates trafficking from ER to Golgi and between Golgi compartments and it controls β1-integrin localization in lipid raft affecting β1-integrin recycling [66] . Rab4, Rab5, Rab11, Rab21 and Rab25 work in the early steps of endocytosis, regulating transport to early sorting endosomes or recycling to the plasma membrane thus regulating the continuous internalization and recycling of β1-integrins necessary for cell migration [62] [63] [64] [65] 68] . Similarly to Rab11, Rab25 is present on recycling endosomes and on the trans Golgi network controlling integrin recycling [68] , but it has also been demonstrated that Rab25 collaborates to promote α5β1 recycling of active integrins from late endosomes and lysosomes [69] . Rab7a, instead, controls late endocytic trafficking being important for transport from early endosomes to late endosomes and lysosomes and for endosome maturation [10, 70, 71] . Indeed, we detected an accumulation of integrins at the level of early endosomes after Rab7a depletion (Fig. 4C-F ). This could, in turn, lead to increase recycling of active integrins to the plasma membrane via a short loop, mediated by Rab4, and/or via perinuclear recycling compartment mediated by Rab11 or Rab25, explaining the increased amount of active integrins present at the leading edge upon Rab7a depletion (Fig. 3D ).
The increase of active β1-integrin at leading edge (measured by TIRF microscopy, Fig. 3B) and on early endosomes (measured by co-localization of EEA1, Fig. 4C ) in Rab7a-depleted cells is accompanied by a decrease of the total amount of active integrin (measured by Western blot, Fig.   3E ) and also by a decreased staining of active integrin in the cytoplasm (measured by immunofluorescence, Fig. 4A ) further corroborating these data and suggesting that Rab7a is fundamental for active β1-integrin localization and trafficking.
It has been demonstrated that active integrins, after initially activating Rac1 probably through a GEF (Guanine nucleotide Exchange Factor), subsequently recruit a complex involving a GAP (GTPase-activating protein) which down-regulates Rac1 activity in order to limit protrusive activity during cell migration [60, 72] . Accordingly to these and also more recent findings [73] , our data demonstrate that Rab7a depletion determines the accumulation of active β1-integrins at the leading edge of migrating cells (Fig. 3D) and causes a strong decreases in the amount of active Rac1 ( Fig. 6D-E) .
The creation of a polarized network of intermediate filaments coordinated with microtubules is fundamental for cell migration [55] . Intermediate filament assembly is dependent on their phosphorylation state. In fact, unphosphorylated vimentin is filamentous and phosphorylation is important to induce depolymerization, which is fundamental for filament reorganization.
Importantly, the small GTPase Rab7a regulates the assembly of vimentin affecting also its phosphorylation state [17, 18, 74] . Interestingly, in migrating cells, Rab7a-positive vesicles localize in the perinuclear region facing the wound while vimentin filaments are reorganized and reoriented in the direction of the wound (Fig. 7A-C) , in line with what has been previously demonstrated [55] .
In contrast, Rab7a depletion in migrating cells causes a decrease in the number of migrating cells with vimentin oriented in the direction of the wound (Fig. 7A-B ) possibly due to a reduced ability of the cell to reorganize vimentin cytoskeleton because of the lack of Rab7a. These data further reinforce the role of Rab7a in migration and explain previous data indicating that Rab7a depletion causes a decrease, but not a complete inhibition, of vimentin phosphorylation at various sites accompanied by an increase of insoluble (filamentous) vimentin [17] . In support of this, it has been previously demonstrated that alterations of cytoskeleton components dynamics affect cell migration [75] . Notably, Rac1 and vimentin functions are connected [51] [52] [53] [54] . Indeed, Rac1 regulates reorganization of vimentin filaments, as Rac1 activation causes phosphorylation of vimentin at Ser38 inducing vimentin filament disassembly [52] [53] [54] . On the other hand, vimentin controls Rac1 activation acting on a Rac1 exchange factor [51] . Thus, in Rab7a-depleted cells, Rac1 activation is impaired ( Fig. 6D-E) and this, in turn, affect vimentin phosphorylation and assembly, altering vimentin filament reorganization and reorientation at the leading edge, thus impairing cell migration. Therefore, our data suggest that Rab7a could influence vimentin phosphorylation and assembly acting on the Rac1 GTPase. In addition, the localization of Rab7a in the perinuclear region facing the wound during migration is in agreement with the findings that Rab7a regulates the trafficking and localization of β1-integrin and myosin X at the leading edge ( Fig. 3A-D; Fig.5 ).
The effects of Rab7a on trafficking of myosin X and integrins, on activation of integrins and Rac1 and on reorganization of vimentin (Fig. 8 ) revealed a fundamental role of this small GTPase in the regulation of cell migration.
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